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By J. J. Lanb, Isabelle Boswell, and B, M. Axilrod

SUMMARY

The tenslle and compressive propsriles of seversl types of plastic
leminates, which are either 1in use or have potentlsl application in alr—
craft structures and parts, were determined at —70°, T7°, and 2000 F.

The materlals linvestligated were an unsaturated—polyester laminate
with glass fabric as reinforcement and several phenolic laminastes with
asbestos fabric, high—strength psper, rayon febric, and cotton fabric as
reinforcements. Both hlgh-pressure and low—pressure cotton—Labric phanolic
laminates were Included.

The tensile strength of all the materlals increased 15 to 33 percent
with change in the test temperature from TT7° F to —70° F and the temnaille
modulus of elasticity increased 23 to 60 percent. At 200° F all
materiasls except the asbestos—fabric laminate lost 20 to 40 percent of
their tensile strength at T77° F end 15 to 30 percent of their tensile
- modulus of elasticity. The corresponding losses for the asbestos—fabric
laminete were 3 and 10 percent, respectively. The glass—fgbric laminate
had the highest tensile strength and modulus of elasticity of the materlals
invegtigated, — nsmely, 43,000 and 3,000,000 pounds per square inch,
respectively.

The compressive strength of all the materiils increased 30 to 85 per—
cent at —70° F and the compressive modulus of elasticity increased 10 to
60 percent. At 200° F the compressive strength decreased 10 to 30 percent
and the compressive modulus of elasticity 15 to 30 percent. The glass—
fabric laminate had the highest compressive strength and modulus of
elasticity of the materials investigated, — namely, 42,000 and
3,300,000 pounds per square inch, respectively.

INTRODUCTTION

A knowledge of the effect of temperature on the strength propertiles
of plastics is of great Importance in application of the materilals for
alrcraft structural purposes. Results cobtained by various investigators
(references 1 to 5) on plastic materials indicate that large variation in

mechanlcal properties with change in temperature may be expected.
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The present investigatlion was underteken to obtain the Impact—,
flexural—, tenslle—, and compressive-strength groperties of representative
leminates in the temperature range —70° to 200 « Since teating at these
temperatures presents many problems not met in testing at room temperature,
a major part of the proJect was concerned with the development of spparatus
and techniques. A previous report (reference 6) summarized the results of
Izod impact and flexural tests on the selected materials. Thils report
contains the results of tensile and compressive tests made on the game
materials and at the same temperatures as the impact and flexural work.

The courtesy of the Army Alr Forces, Bakelite Corporation, Consolidated
Water Power and Paper Company, Formica Insuletlon Company, Plaskon Division
of the Libbey—Owens—Ford Glass Company, and the Synthane Corporaetion in
furnishing materials for use in this investigation la gratefully acknowledged.

This investigaetlon was conducted at the National Bureau of Standards
under the sponsorship and with the financlal asslgtance of the Natlonal
Advisory Committee for Aeromeutics.

MATERTAIS

The materials selected for testling included commercial grades of
high-pressure and low—pressure cotton—fabrlic phenolic laminstes, asbeatos—
fabric grade AA phenolic laminate, a high-strength-paper phenolic laminate,
a rayon—fabric phenolic laminate, two.experimental phenolic laminates made
under high pressure and low pressure, resgpectively (in which the same
grade C cotton fabric wes used as filler), and a glass—febric laminate
bonded with an unsaturated—polyester resin. Grades C and AA are described
in A.5.T.M. tentative specification for Laminated Thermosetting Materials

(D709-44T) .

Samples of five of these laminates were studied at the University of
Tllinois (reference 7) and the Pennsylvenis State College (reference 8) in
research investigations of the mechanical properties of the materials.
Limited measurements of the tensile and compressive characteristics of the
laminates were made at 77° F 1n both of these projects.

The nmaterlels were supplied in nominal %—inch and %—inch thicknesses

In the form of sheets 3 feet square or larger. A detalled description of
the materials is contained in table I.

DEFINITTIONS

Tenslle strength and compressive strength:

Pn
Ultimaste strength = B3
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where

Pm max_imm lo=d

b width of specimen

4 thickmess of specimen B
Secant modulus of elasticity for the stress range O to S;:

where e; 1s the straln at stress S;.
Mean value:
The arithmetic mean of a set of measurements

Stendard error of the mean (usually called the standard error if no
other statistic 1s referred to at the same time):

2 2 2 2 2
rl +I‘2 +I‘3 + e +I‘i + e +I‘n

S.E. =
n(n-1)
where
th
ry difference between the i1 measurement and mean velue
n number of measurements

APPARATUS AND TEST FPROCEDURE

The testing procedures outlined in Federal Specification I~P-406a
(reference 9) were followed as closely as possible. The specimens, how—
ever, were not polished with fine emery paper after mechining. The
tensile specimens were milled with a machine having a cam—operated mi!llihg
fixture for duplicating the desired contour. The tensile and compressive
gpecimens of the glass—fabric laminate were machined with carblde~tipped
tools. The ends of the compressive specimens were ground. T

The teats were made on two Baldwln~Southwark universal hydraullc
testing machines of the fluid—support, Bourdon—tube type. Machine A, of
60,000 pounds capacity, had scale ranges of 240, 2400, 12,000, and
60,000 pounds and machine B, of 2400 pounds capacity, scale ranges of 240,
1200, and 2400 pounds. Each machine was loceted ln a room the atmosphere
of which was controlled at “77° F and 50—percent relative humidity.
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Specimens tested at 77° F and S50-percent relative humidity were
conditioned 96 hours prior to the test. Specimens tested at other tem—
peratures were first condltlioned in the same manner. and then were kept at
the testing temperature for 24 * 2 hours prior to the test. At least
five specimens of each sample were tested for each load orientatlon at
each temperature.

TENSILE TESTS

Tenglle teste were made according to Method 1011 in Federal Speclflca—
tion I~P-406a, by using the 1200-pound range of machine B and the 2400O— and
12,000-pound. ranges of mechine A. The specimen dimensions were those for
Type 1 of Method 1011; the length was 9 inches, the width was 0.75 inch,
and the reduced section was 2& inches long by 0.50 inch wide. Testls to

obtain tensile strength and load-elongation graphs were made at —70°, 779,
and 200° F. Tor the low—temperature and high—temperature tests, the
specimen, the grips, and the strain gage were enclosed in an insulated
temperature—controlled cabinet (figs. 1 to 3). A triple—paned 12— by
12—-inch window in the front, armholes, and interlor lighte enabled con—
venlent handling of the specimens and equipment. In figure 1 the front
of the box has been removed to show the Templin grips, the specimen, and
the tenslle straln gage. The two holes shown in the rear of the box in
figure 1 were used to circulate either hot or cold gir from an Amerlcan
Instrument Company conditioning unit shown in figures 2 and 3. Dry ice
was used to cool the air; heating was done with electric heaters.

Little difficulty was encountered in the high—temperature testing wilth
this equipment. At low temperstures, frost on the electrical contacts of
the gage was washed off wlth ethyl alcohol. Rusting of the gage and the
grips upon removal from the cabinet was avolded by immersing them in
alcohol until they attained room temperature. They were then disassembled
and dried thoroughly and the grips relubricated.

The tenslle strain gage used was a nonaveraging Southwark—Peters
Plestics extensometer, model PS—6, with a 2-inch gage length, a strain
magnification of 400, and a strain range of 10 percent. This gage
separates Into two parts and hence wes left on the specimen until fallure.
In all tests the reletive rate of head motion was kept constant at 0.05 lnch
per minute until the specimen failed.

The material used for the tensile tests had a nominal thickness of
1/8 inch (table I). Most of the materials were tested in both lengthwise
and crosswise directions at. the three temperatures. Tests in the
150 diagonel direction were made at T7° F only. All the tensile specimens
for a given materiasl were teken from the seme sheet and those for testing
at the three temperatures were sampled appropriately from the four quarters

of the sheet.
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COMPRESSIVE TESTS

The compressive tests were made according to Method No., 1021 in
Federal Specification I-P-406a (reference 9) on the 2400—, 12,000,
and 60,000-pound renges of maschine A. Tests to obtain compressive strength
and losd—compression graphs were made at —70°, T7°, and 200° F. For the
low—temperature and high—temperature tests the speclimen, the strain gage,
and the compression tool were enclosed in an insulated temperature—
controlled cabinet. Hot or cold alr was supplied to the Insulated cabinet
from the same conditioning unit as was used for the tensile tests. The
problems of frost on the gage contacts and rusting of the apparatus were
handled essentlially as 1n the cage of tensile testing.

Figure L shows the compression tool in the cabinet with the specimen
end strain gage in posltion for testing. The method of supporting and
loading the compression tool ig Indicated in figure 5. The steel supporting
and loading blocks are insulated from the platen and crosshead, respec—
tively, by tubular phenolic laminste pleces. A view of the disassembled
compression-tool plunger is shown in figure 6.

The compression tool incorporates several features of one designed
by Ailtchison and Miller (reference 10).

(1) A spherical seat at the bottom of the plunger ccmpensates for
specimens wlth ends nonparasllel.

(2) The load 1s transmitted. from the testing machine to the plunger
by means of s steel push rod and a spherical bearing at the lower end of
the push rod. The upper end of the push rod is a spherical surface con—
centric with the bearing so that the line of application of the load
remains ss nearly as possible coaxlal wlith the plunger during a lateral
displacement of the heads of the testing machine relative to each other,

(3) The seat for the cylindrical lower bearing block was bored con—
centric with the plunger bushings. A Jjig, adjustable for specimens of
8lightly different thickness, wes used to center the specimen on the lower
bearing block to approximately 0.0l inch. This made rapid centering of
the speclmen possible in the high—temperature and low-temperature tests.

An averaging—type Southwark-Peters compressometer, model PC—4, with
a gage length of 1 inch, a strain magnification of 1000, and a strain
range of L percent was used in obtaining stress—strain data. In testing, T
the relative rate of head motion was 0.01 inch per minute until sbout
50 percent of the maximum load was attained. Then the strain gage was
removed and the rate of losding increased to 0.03 inch per minute.

The compression specimen was 2 Inches long and 0.50 inch wlde; the
thickness (0.45 to 0.60 inch) is given in table I. Compression tests were
made for both the lengthwlse and crosswlise directlions of the materials
at T7° F but only the lengthwise directions were tested at —70° and 200° F.



6 NACA TN No. 1550

Por some of the materials, speclmens orlented at 45° were tested at T7° F.
All the compression specimens for a given meterlal were taken from the
same sectlon of the same sheet but were not otherwlse sampled since all
the specimens were taken from a plece of the sheet less than 1 square
foot in area.

An gdditional set of specimens was tested at T7° F to obtain the
strain at fallure. A Southwark—Psters deflectometer, model FD-l, was used
to measure the motion of the plunger in the compression tool relative to
the base of the tool. The deflectometer has low magnifications of 5, 10,
end. 20 with a range of 2 inches and high magnifications of 50, 100, and 200
with a range of 0.2 inch.

RESULTS AND DISCUSSION

Tenslle Propertles at Various Temperatures

The results of the tenslle tests of the plastic laminates at tempera—
tures of ~70°, 779, and 200° F are shown in table II. Values reported
included tensile strength, tensile gecant modulus of elasgticity for several
gtress ranges, and total strain at fallure. The percentage changes (from
the T7° F values) with temperature in the strength and in the secant
modulus of elasticity for the lowest stress range are slso shown in teble II.
The varlations with temperature of tenslle strength and tensile secant
modulus of elastliclty are shown in figures T and 8, respectively. Average
tensile stress—strain curves for tests at 77° F of all the laminates are
shown in Pigure 9. Average tenglle stress—strain curves for six of the
leminates at —70°, T7°, and 2000 F are shown in figures 10 to 15.

The tensile properties of representative laminates at 7T7° F are
approximately as follows:
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Tenslle secant
Type of leminate Tenslle strength modulus of
(103 1b/sq in.) elasticityl
(10° 1b/eq in.)

CGrade C phenolic

(Llow-pressure) 9 0.8
Grade C phenolic
(nhigh-pressurs) 10.5 1.0
Rayon—cotton—fabric o o o 2
phenolic 26(C)“ and 32(L) 1.6(C)° and 1.9(L)
High—atrength—peper
phenolic 30 2.6 T
Agbegtos—fabric o o o . o
phenolic 5(C)< and 8(L) 1.2(C)° and 1.5(L)

Glass—fabric unsaturated— s 2 o
polyester 33(C)“ and 43(L) 2-6(0)2 and 3.0(L)

lSecant modulus Ffor lowest stress range given in table IT.
2(c), crosswise; (L), lengthwise.

The tenslle strengths and modull of elasticity of all the laminates increase
at —70° F and decrease at 200° F ralative to the T7° F values.

The three cotton—fabric phenolic leminates L1, V1, and W1 exhibit
gimilar changes 1n tensile—strength properties with change in temperature.
The tengile strengths of these materials increase 15 to 25 percent '
at —70° F and decrease 25 to 30 percent at 200° F compared with the
77° F values. Corresponding changes for the secant modulus of elasticlty
at 2500 pounds per square inch are Increases of about 40 to 50 percent
at ~70° F and decreases of sbout 20 to 30 percent at 200° F, Witt, Wolfe,
and Rust (reference 11) in tensile tests at 77° F and 160° F on a number =~
of grade C phenolic laminates found average decreases in strength and
modulus of elasticity of about 18 and 22 percent, respectively. In
msking comparisons of data obtained at different laboratories, at least
three sources of divergence must be comsidered: (a) differences between
samples, even if made nominally allke, (b) differences in conditioning
procedure, and (c) differences in test procedure, apparatus, and prep—
aratlon of specilmens. -

The rayon—fabric phenolic laminate Z1 shows the greatest percentage
increase (25, crosswige and TO, lengthwise) 1n tensile modulus of elastic-
1ty at —70° F. Other changes in the tensile properties of thls laminate
sre gimilar to those for the three cotton—fabric phenollc laminates.
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The hlgh—strength—paper phenoclic laminste S1 shows the largest
percentage decrease (40) in tensile strength at 200° F of the laminates
tested. The percentage changes in moduwlus of elasticity at both —70°
and 200° F are less for the paper (10 to 20 percent) than for the other
four laeminstes wlth cellulosic fillers.

Meyer and Erickson (reference 4) reported that the tensile strength
and modulus of elastlclity for hlgh—strength—paper laminates decreased
about 35 and 15 percent, respectively, at 200° F relative to 75° F; these
values agree with the data In table IT. The changes found by them at
gubnormal temperatures were much less than those glven in thé pregent
report and Included slight negative values. The material investigated by
Meyer and Erickson was quite slmilar to that tested in this laboratory as
regards resin, molding conditlons, and paper base. A possible reason for
the small changes in both the tensile and compressive modull of elasticity
at —69° F given by Meyer and Erickson is that thelr tests at the low
temperature were made at a different lsboratory and with different means
of measuring the strein from those made at 75° F and higher temperatures.
Hence the uncertainty in the changes they report for low temperatures may
be scmewhat greater than the uncertalnty 1n corresponding changes obtained
in this laboratory, where all tests were made with the same equipment.

The asgbestos—fabric laminate with decreases in tenslle properties of
less than 10 percent at 200° F exhibits the least change of all the
materials. Witt, Wolfe, and Rust (reference 11l) tested several Grade AA
asbestos—fabric phenolic laminstes in tension. They found that average
decreases I1n strength and modulus of elasticity at 160° F relative to TI° F
were 6 and 15 percent, respectively.

Next to the asbestos—fabric laminate, the glass—fabric laminate AB1
shows the smallest percentage loss (20) in strength at 200° F, which is
approximately one-—half that of the high—strength—paper laminate S1. The
glass—Pabric leminate also has the highest percentage increase (33) in
tensile strength at —70° ¥, The percentage change in the tensile modulus
of elgsticlty of the glass—fabric leminate 1s about the same as for the
high-strength—paper laminate at both the high and low temperatures.

The approximate values for the percentege changes in tenslle strength
and tensile secant modulus of elasticity at —T70° and 200° F relative to
the value at T7° F for the laminates investigated may be summarized as
follows:
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Change in tenslle
gecant modulus
of elasticityl

—70° F 200° 7 —70° F 200° F
(percent) (percent) (percent) (percent)

Change in tensile
strength

Type of laminate

Grade C phenolic

(Low—pressure) 25 =30 L7 -18
Grade C phenolic

{(high—pressure) 20 —30 45 —30
Rayon—cotton—fabrilc

phenolic 25 -25 60 -30
High—strength—paper

phenolic 15 =40 23 ~15
Asgbestos—fabric

phenolic 15 -3 23 =10

Glass—Fabric unsaturated—
polyester (crosswise
only) 33 | —20 23 -20

lSeca.nt modulus for lowest stress range given 1n table ITI.

The types of failure obtained in temnslon were similar to those shown
by Findley and Worley (reference 7, fig. 49) and by Marin (reference 8,
fig. 41). The cotton—fabric phenolic laminates had a clean bresk, with
the exception of the 1ow—pressure leminate V which also split on &
central ply. The high—strength paper had a brittle end slightly Jagged
break. In the glass—fabric laminate the failure was very Ilrregular and
of the tongue—end—groove type, extending throughout the reduced section.
The menner of failure in the rgyon—fabric laminate was between that of the
glags—fabric and the cotton—fabric base laminates.

Compressive Properties at Various Temperatures

The results of the compressive tegts of the plastic laminates at
temperatures of —70°, 779, and 200° F are shown in teble ITI. Values
reported include compressive strength, compressive secant modulus of
elasticity at 2500, 5000, and T500 pounds per square Inch, and total strain
at maximm load. The percentage changes (from the T7° F values) with
temperature gf the compressive gtrength and modulus of elasticity are also
shown in table ITITI. The variations with temperaturs of the compressive
strength and secant modulus of elasticity at 2500 pourds per square inch
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are shown in figures 16 and 17, respectively. Average compressive
stress—-strain curves for tests at 77° F of all the leminstes are compared.
in figure 18. Average compressive stress—strain curves for each of six
laminates at —70°, 77°, end 200° F are shown in figures 19 to 2k.

The compressive properties of the laminates at T7° F are aepproxi—
nately as follows:

Compressive Compressive modulus
Type of laminate strength of6elasticityl
(103 1b/sq in.) (10° 1b/sq in.)
Grade C phenolic
{(low~pressure) 19 0.9
Grade C phenclic
(high—pressure) 20 to 25 1.1 to 1.3
Rayon—cotton—fabrilc
phenolic 2h 1.9(C)2 ana 2.0(L)2
High—strength—paper
phenolic g 2.7
Agbestos—fabric
phenolic 21 1.2(¢)2 end 1,5(L)2
Glags—fabric unsaturated— . o
polyester 36(C)2 and L42(L) 3.1(C)? and 3.3(1L)2

lsecant modulus for stress range 0-2500 1b/in.2
2(0), crosswise; (L), lengthwise,

The compressive strengths and modull of elastlclty of all the laminates
increase at —70° F and decrease at 200° F relative to the T7° F values.

The compresslve strengths of the four cotton—fabric base phenolics
increase 50 to 70 percent at —70C F and decrease 10 to 30 percent at
200° F. The compressive secant modulus of elasticity increases 30 to
60 percent at —70° F, with the greatest change in the low-pressure
materials, and decreases 20 to 30 percent at 200° F, The two low—
pressure cotton—fabric phenolic laminates L2 and V2, made with the same
resin, show nearly ldentlcal varlation 1n compressive properties with
temperature. Witt, Wolfe, and Rust (reference 1l1), who tested a large
group of samples of grade C phenolic leminate In compression at T7°
and 160° F, found average decreases In compressive strength and modulus
of elasticity of about 22 percent and 27 percent, resgpectively. Norelll
and Gard (reference 3), who tested a grade C sample at various tempera—
tures, indicate an lncrease in compregsive strength of about 50 percent
at —67° F and a decrease of 35 percent at 167° F relative to T7° F.
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The high—strength—paper and the rayon—fabric phenolic laminates
increase in strength 85 percent at —70C F and decrease in strength 10
to 20 percent at 200° F. The changes in compressive modulus of elasticilty
with temperature are less for the high—strength—paper laminate than for
the other cellulose~filled laminates, the increase at —70° F being
20 percent and the decrease at 200° F being 15 percent. Corresponding
velues for the rayon—cotton—fabric phenolic are 45 and 30 percent,
respectively. The changes in compressive properties of a high-strength—
paper phenolic laminate at —69° F and 200° F relative to 77° F, reported
by Meyer and Erickson (reference 4), are in good agreement with the results
given in the present report except that they obtalned much smaller
increases in modulus of elasticity at —69° F.

The agbestos—Filled and glass—filled laminates K2 and AB2 in general
show much smsller variations in compressive properties with temperature
than the cellulose—filled laminates. The changes in compressive strength
and modulus of elastilcity for the asbestos—Ffabric phenolic laminate are
30 end 15 percent, respectively, at —70° F, and —10 and =15 percent,
respectively, at 200° F. The changes in the glass—fabric laminate are
a.'l.mostothe same except for the 30—percent loss in compressive strength
at 200° F.

The compressive—strength variation with temperature of the Grade AA
asbestos—Ffebric leminate reported by Norelli and Gerd (reference 3) agrees
in trend with but differse in magnitude from the data 1n table III. They
obtalned an increase of less than 10 percent at —67° F and a decrease of
25 percent at 167° F. No comparative data were found in the literature
for a glass—fabric laminete similar to the sample ABL.

The epproximate values for the changes in compressive strength and
modulus of elasticlty at —70° and 200° F relative to the value at 77° F
for lengthwise speclimens are as follows:
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Change in compressive

Change in compressive secant modulus of
: strength elasticity
Type of leminste (0 to 2500 1b/sq in.)
—70° F 200° F =70° F 200° T

(percent) | (percent) (percent) ] (percent)

Grade C phenolic

(1ow—pressure) 50 ~10 60 ~20
Grade C phenolic

(high—pressure) 50 to TO —15 to ~30 | 30 to 45 -25 to —30
Reyon—cotton—

fabric phenolic 85 =10 45 —30
High—strength—

paper phenolic 85 —20 20 -15
Agbestog—Ffabric

phenolic 30 -10 15 —15
Glass—fabric

unsaturated-

polyester 30 =30 10 =15

All the cotton—fabric laminates, the asbestos—fabric leminates, and
the reyon-fabric laminstes failed in the same mammer. The break astarted
at the top of the specimen at one edge and went downward across the
machined face at-an angle between L45° and 60° to the horizontal. A
gimilar feilure occurred in the low—pressure cotton~fabric laminate
except that there was splitting along a central ply. The line of failure
in the high—strength~paper laminate progressed from one cormer to a
dlagonally opposlte cormer partly at a 45° angle and partly by delami-—
nation. The glass—fabric laminste falled explosively and delaminated at
geveral places. Examples of broken compression specimens of similar
leminates are shown by Findley and Worley (reference 7, fig. 50) and by
Marin (reference 8, fig. 42).

Comparison of Temperature Dependence of Flexural,
Tensile, and Compressive Properties
Table IV and figure 25 show the percentage changes in strength and

modulus of elastlcity with temperature for flexural (data from reference_6),
tensile, and compressive tests. '
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For the cellulose—filled laminates, the percentage changes in tensille
and flexural strength wlith temperature for a given sample are sbout the
seme, These strength values increase 15 to 25 percent at —70° F and
decrease 25 to 40 percent at 200° F. The compressive strength behavior
of the cellulose~filled materisls is different; the increases at —70° F
are 50 to 85 percent; the decreases at 200° F are only 10 to 30 percent.
For a §iven laminate the percentage lincrease 1n compressive strength
at =70~ F ig at least double the percentage increase in flexural or
tensile strength; at 200° F the compressive—strength loss in percent in
general is one—half the percentage loss in flexural or tenslle strength.

The increases in the three modull of elasticity of the flve cellulose—
fabric laminates at —70° F are sbout 40 to 60 percent, and the decreases
in modull of elasticity at 200° F are from 15 to 30 percent. The high—
strength—paper laminate, the three moduli of which change very similarly
(fig. 25), shows smaller changes in moduli at —70° F than the other
cellulogse—F1l1led phenolics.

The percentage changes in flexural, tensile, and compressive strength

of the asbestos—febric phenollc laminate are 15 to 30 percent at ~70°0 F
and about =5 percent at 200° F. The changes in the thyee strength values
for the glass—fabric leminate are nearly allke, particularly at —70° F.
The behavior of the strength propertlies of the mineral—filled laminates _
i1s in contrast wlth that of the cellulose—filled laminates, for which the
variation in compressive strength ls much dilfferent from that in flexural
and tensile strength.

The respective increases in the flexural, tensile, and compressive
moduli of the glass—fabric leminates at —70° F are almost equal to the
decreases at 200° F, The changes in flexural and compressive modulil are
very nearly 12 percent; the tenslle-modulus changes are 22 percent. The
variations with temperature for the three modull of elasticlty of the
asbestos—fabric material differ; the changes at 200° F are smaller end in
the reverse order of those at —70° F,

In exsmining the behavior of the materials at elevated temperatures
the effect of the conditioning perilod must be considered. Heating the
laminates may cause further cure of the resin and diminish the moisture
content. In the previous work on flexurasl propertles of the laminates
(reference 6) it was found that the flexural properties increased for
some laminates and decreased for others after heating for 24 hours at
200° F (when tested at T7° F). The effect of heating may be different for
the tensile, flexural, and compressive properties. Moreover, the effect
of heating may vary among various laminates. Thus, the flexural strengths
of all the celluloge—filled laminates decreased T to 15 percent as a
result of the heating; the two mineral-filled laminates, however, increased
8 percent in flexural strength after heating (reference 6, table VI). .

The effect of high humidity combined with a temperature of 150° F
on the flexural strengths of the laminates was determined in work previously
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reported (reference 6). Two phenolic laminates, the high—strength-paper
materisl S2 and g low-pressure grade C product V2 suffered the greatest
loss in strength of the maeterlasls tested. It seems quite probable that,
if tenslle and compressive tests were made at high temperature and
humidity, some of the laminates, such as the S2 and V2 materiels, would
be conslderebly weskened.

Variation of Strength Properties of Laminates
wilth Orlentation of Speclmen

Table V and figures 26 to 29 give comparative data for temsile and
compresslve propertles of the laminates in lengthwise, crosswise, and
450 ortentations.

In all laminatee the compressive ¥trength varies less with direction
than the tenaslle strength. The compressive strengths for the three
directions of test differ by 10 percent or less except for the glass—
fabric laminate, the compressive strength of which in the U45° dlagonsal
direction is only 60 percent of that in the lengthwise direction. More—
over, except for the glass—febric laminate, the compressive strengthe of
the laminates are within 10 percent of 21,000 pounds per square inch; the
tensile strengths of these seme laminates (excluding the glass—fabric
laminate)} range from 5,000 to 32,000 pounds per square inch.

The reletive constancy of compressive strength with veriaticon of
direction and reinforcement indicates that the strength of -the resin is
the major factor in determining the compressive strength of fabric and
paper-base leminates. This conelusion was reached by Erickson and Mackin
(reference 12; see p. 268 and tables 1 end 2) in regard to a parallel-ply
high-gtrength-paper laminate.

In general, the tensile strength and the tensile and compressive
secant modull of elaatlcity of the cotton-fabric and the high-strength-
paper phenolic laminates show small variations with the direction of test.
The diagonal values are gbout 10 to 20 percent lower than the other values.

The rayon-fabric and the glass-fabric laminadtes show large variations
in tensile strength and tensile and compressive modnlil with the direction
of test. The dlagonal values are as low as 30 to 50 percent of the
lengthwise values. The rayon-fabric laminaste, although a crossed-ply
laminate, shows the greatest difference between the lengthwlse and crosswise
values of tenslle strength and tensile modulus of elasticity. This may
be explained as follows: The rayon fabrlic, of higher strength and modulus
of elasticity than the resin, is practically unidirectional with regard

to strength. In the %-—inch thickness there are four plies lengthwise to
three crosswise. If the modulus of elasticity of the resin, small

compared to that of the fabric, is neglected, the ratio of lengthwise to
crosswise tenslile modulus of elasticity should be 1.33; the measured
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ratio is 1.18. Application of the same idea to the compressive moduli
for 23-ply material indicates e corresponding ratio of 1.09; the measured
ratio is 1.07.

In the asbestos-fabric leminate, a parallel-ply material, the tensile
strength and the tensile and compressive modull are greatest in the
lengthwise, least in the crosswise, and Intermedliate in the dlagonal
directions.

Strain at Failure

Except for the asbestos-fabric laminate, the elongation at fallwre
in tension is about the same for the lengthwlse and erosswlse directions.
It is greatest for the 45° dlagonal direction. The greatest elongations
in tension are those of the two low-pressure leminidtes L and V and the
gless-Pabric leminate in the 450 dilagonal direction.

Table V also shows that in compression the maximum astraln at failure
ocours in the 45° diagonal direction. Tn general, the strain at faillure
in compression is greater than in tension for the same material and
orientation of specimen.

The elongation in tension (table II) for the cellulose-filled laminstes
is greater at 77° F than at either ~-T0° or 200° F. The deflection at
failure in flexural testing (reference 6) is greater at T7° F than at
elther -70° or 200° F for.the six cellulose-filled laminates. Meyer
and Erickson (reference 4) have shown thet the elongation at failure in
tension of a high-strength-paper laminate Increases directly with the
moisture content of the laminate. Therefore, part of the lncrease in
brittleness of the cellulose-filled materials at 200° F may be due to the
decrease in moisture content of the laminates caused by 24 hours of con-
ditioning at 200° F.

CORCLUSIONS

From tensile and compressive tests of several types of plastic
laminates, the followling conclusions mey be dramn:

1. The tensile and compressive strengths and modull of elasticity of
all leminates increase at low temperature and decrease at high temperature
relative to the values at T7° F.

2. For all laminates except the asbestos-fabric phenolic laminate,
the tensile and compressive strengths at 200° F are approximately one-half
of the corresponding values at -70° F. The changes in the strength values
of the asbestos-filled product are much smaller and less than for any
other leminate.
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3. For the cellulose-filled leminates, the increase in compressive
strength at the low temperature is much greater in megnitude than the
decrease at the high temperature; the tensile-strength variation, however,
ls less at the low temperature than at the high temperature. The tensile
and flexural strengths of these materials exhibit similer temperature
chenges.

4. The tensile and compressive moduli of all materials increase more
at the low temperature than they decrease at the high temperaturs. Except
for the high-strength-paper laminate, the over-all changes are greater
for the cellulose-filled then for the mineral-filled laminates. The high-
strength-paper, asbestos—fabric, and glass—FPebric laminstes show about the
same over-ell percentage variation of tensile and compressive moduli with
temperature.

5. The tensile strengths of the high-strength-paper, reyon-fabric,
and glass-fabric lamlinstes are about three times greater than those of the
cotton-fabrlic and asbestos-fabric phenolics.

6. The glass-fabric laminate is outstanding in compressive strength;
at 77° F its strength is 36,000 and 42,000 pounds per sguare inch, respec-
tively, 1n the crosswise and lengthwise directions. The compressive
strength of the other leminastes is 21,000 pounds per square inch within
about 10 percent.

T. The tensile and compressive moduli of elasticlity of the glass-fabric
and high-strength-paper laminates are greater then for the other materials
at all temperatures ani are in the range of 2,600,000 to 3,300,000 pounds
per square inch.

Natlional Bureau of Standards
Washington, D.C., March 7, 1947
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THOE II.~ YERSTIE PROPERYIES OF LAMINAYED FLASTION AT VARIGE TEMPRNATTRES
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TABLE I1I,— COMPRESSIVE TROPERTIES OF LAMINATED FLASTICS AT VARIOUS TEMPERATORES L
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TABLE IV.—

PERCENTAGE CHANUES IN STRENGTH AND MODULU3 mmmmnrmmu,l
TENSTLE,2 AWD COMPRESSIVES TRITS MADE AT ~70° F AND 200° P BASED
ON T7° F-VALUES
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TARIX ¥,— DINECTTICMAL PHOPERTINS OF LAMTNATED PLASTICS AT 7T° F
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Figure 1.- Interior view of tensile test enclosure with specimen in grips and
extensometer attached.
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Figure 2.~ Front view of tensile test enclosure in place in testing machine.
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Figure 4.- Interior view of compression test enclosure with specimen in pla-.ce in
compression tool and extensometer attached.
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Figure 5.~ Compression tool in place with insulated support and loading blocké.
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Figure 6.- Disassembled compression tool plunger. A, spherically seated bearing block;
B, plunger (ball through which load is transmitted from rod D to plunger is inside latter) ;
C, retainer for bearing block; D, loading rod; E, centering washer for rod D; F, limit
co]_‘tar for plunger.
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Designation

7
ENS<M =R

40

Type of laminate
Asbestos-fabric phenolic
Low-pressure cotton-fabric

phenolic
High-strength-paper phenolic ——
Low-pressure grade C phenolic
High-pressure grade C phenolic
Rayon-cotton-fabric phenolic
Glass~fabric unsaturated-
polyester

W
o

= ) AB crosswise
z .
S

NN

N
(o]

~o

Tensile strength, 103 1b/sq in.

| e

=70

77 200

Temperature,OF

Figure 7.- Variation of tensile strength with temperature for

~inch-

o] o

thick laminates. Lengthwise direction unless noted.
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Tensile secant modulus of elasticity, 108 Ib/sq in.
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Designation Type of laminate
K Asbestos-fabric phenolic
Low-pressure cotton-fabric
phenolic
3.5 S High-strength-paper phénolic
v ILow-pressure grade C phenolic
W High-pressure grade C phenolic
A Rayon-cotton-fabric phenolic
NN AB Glass-fabric unsaturated-polyester
3.0 \‘\
AB crosswise
2.5
A
2.0
o\ K
|'5 N
\ W
10 - \
\'
"5
ol | I I
-70 77 200
Temperature,°F
Figure 8.~ Varlation of tensile secant modulus of elasticity with

temperature for 1

8 -inch~-thick laminates.

Lengthwise direction.

Stress ranges: O to 5000 pounds per square inch for AB, S, and
Z; 0 to 2500 pounds per square inch for K, W, L, and V.
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Designation Type of laminate
K Asbestos-fabric phenolic
L Low-pressure cotton-fabric

40 phenolic

S High-strength-paper phenolic
v Low-pressure grade C phenolic
W High-pressure grade C phenolic
/ Z Rayon-cotton-fabric phenolic
AB AB CGlass-fabric unsaturated polyester
T /
30 e
= / // o
=4
2]
: a / :
/
- 1}
4 /
&
7 /
2]
s 7
() _ .
L~ | a1 7 |
e
/| 4—"""
/
% O 02 03 04 05

_ Strain, in./in.
Figure 9.- Tensile stress-strain curves of plastic laminates at 77° F. T
Lengthwise direction.
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Figure 10.- Tensile stress-strain curves for grade AA asbestos-fabric phenolic
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Figure 11.- Tensile stress-strain curves of high-strength-paper phenolic

laminate S1.

Lengthwise specimens.
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Figure 12.- Tensile siress-strain curves for low-pressure grade C
phenolic laminate V1. Lengthwise specimens.



NACA TN No. 1550 41
12,5 ey e P
-70
77
'g-« 705 4
{ /
e
s ~200
=
%.
[}
'?J 500 / -
[}
b=
5
B Secant modulus of elasticity
Temperature for stress range 0 to
2500 1b/sq in.
2.5
(°F) (1b/sq in.)
-70 1,470,000
77 1,050,000
200 RACA _'770,000
0 ’ [
(0] Ol 02 03 04

Strain, in./in.

Figure 13.~ Tensile stress-strain curves for high-pressure grade C
phenolic laminate W1. Lengthwise specimens.
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Figure 14.- Tensile stress-strain curves for rayon-cotton-fabric
phenolic laminate Z1. Legnthwise specimens.
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Figure 15.~ Tensile stress-strain curves for glass~fabric unsaturated-
polyester laminate ABl1. Crosswise specimens.
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Figure 17.- Variation of compressive secant modulus of elasticity

(0 to 2500 1b/sq in.) with temperature for %-inch-thick laminates.
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Figure 18.- Compressive stress-strain curves of plastic laminates

at 77° F. Lengthwise direction.
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Figure 19.- Compressive stress-strain curves of grade AA asbestos-

fabric phenolic laminate K2. Lengthwise specimens.
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Figure 21.-

Compressive stress-strain curves of low-pressure grade C
phenolic laminate V2. ILengthwise specimens.
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phenolic laminate Z2. Lengthwise specimens.
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Figure 24.-
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unsaturated-polyester laminate AB2. Lengthwise specimens.
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Figure 25.- Comparison of changes in flexural (F), tensile (T), and
compressive (C) properties of laminated plastics with temperature.
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Figure 27.~ Tensile secant moduli of elasticity for lengthwise, crosswise, and 45° dlagonal
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Compressive strength, 103 1b/sq in.

L
40
| Designation Type of laminate
C I Grade C phenolic

K Asbestos-fabric phenolic
L Tow-pressuré cotton-fabric phenolic
S High-strength-paper phenolic
Vv Low-pressure grade C phenolic

30 L W High-pressure grade C phenolic
4 Rayon-cotton-fabric phenolic

AB Glass-fabric unsaturated-polyester
5 [Fla =
Cl— L-E _
D -C—B- }_L C
20 H H ™
] ™
T |- 1 B11-[C(P
a i | u | | | "
10 i
o)
AB y4 S K I L \' w

Figure 28.- Compressive strengths for lengthwise, crosswise, and 45°
diagonal directions of %-i_nch-thick laminates at '7'7o F.
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Figure 29.- Compressive secant moduli of elasticity (O to 2500 1b/sq in.)

for lengthwise, crosswise, and 45° diagonal directions of l-inch-thick_
larminates at 77° F. 2



